PbCrO 4 with different morphologies have been synthesized via a facile sonochemical route from an aqueous solution of lead acetate and potassium dichromate in the presence of nitrilotriacetate acid (H 3 NTA). The samples were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM). The pH and the concentration of complexing reagent were found to have close relation with morphology of the final product. The possible growth mechanism of PbCrO 4 microcube has been proposed. UV-Vis spectra and room-temperature photoluminescence of the PbCrO 4 micro/nanostructures have also been investigated. Results showed that all the samples possessed strong photoluminescence (PL) properties, suggesting that the micro/nanostructures could be used in novel optoelectronic devices.
INTRODUCTION
During the past decades, micro/nanoscale inorganic materials have aroused great interest because of their unique optical, electronic and magnetic properties and potential application in nanodevices. [1] [2] [3] [4] [5] It is well known that the morphology and dimensions of micro/nanoscale inorganic materials have significant influence on their physical and chemical properties. [6] [7] [8] Hence, the synthesis of micro/nanoscale inorganic material with controlled morphology remains a great challenge. Presently, the increasing number to the synthesis with desirable shape and size, such as nanorods, nanowires, nanotubes, and specific morphologies, has been reported. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Among these methods, most of them adopted soft template [26] [27] [28] or hard template [29] [30] for the control of shape and size. However, the preparation and removal of templates are sophisticated, and may result in disorder or destruction of the structures. Therefore, it is still important to develop a fast and convenient method for micro/nanoscale inorganic materials with desirable morphologies. Recently, sonochemical method has become an important tool in the controlled synthesis of inorganic materials. [31] [32] When liquids are irradiated with high-intensity ultrasound, acoustic cavitations provide * Authors to whom correspondence should be addressed. the primary mechanism for sonochemical effects, during which very high temperatures (>5000 K), pressures (>20 MPa) and cooling rates (>1010 K/s) can be achieved upon the collapse of the bubbles. 33 The remarkable environments provide a unique platform for the growth of novel structures.
Lead chromate (PbCrO 4 is a very important inorganic materials and is usually used as a yellow pigment and photosensitizer because of their thermal stability and electrical properties. [34] [35] [36] [37] Due to their unique properties and applications in many fields, the preparation of such material in the controlled morphology and size has attracted much attention. Spherical PbCrO 4 nanoparticles were prepared by the microemulsion method. 38 PbCrO 4 nanorods were also synthesized via the hydrothermal method, [39] [40] [41] 
MATERIALS AND METHODS

Materials and Synthesis
All of the reagents were analytical purity and used without further purification. The pH was adjusted to a specific value by NaOH and HCl, and the total volume of the solution was 50 mL. The transparent mixture solution was then exposed to high-intensity ultrasound irradiation under ambient air for 1 h. Ultrasound irradiation was accomplished with a high-intensity ultrasonic probe (Xinzhi Co., China, JY92-2D, 1 cm diameter; Ti-horn, 20 kHz, 80 W/cm 2 immersed directly in the reaction solution at room temperature. The sonication was conducted without cooling so that the temperature of reactant solution increased gradually. A yellow precipitate was centrifuged, washed with distilled water and absolute ethanol in sequence, and finally dried in air.
Characterization
Powder X-ray diffraction (XRD) was conducted on a Philip X'pert X-ray diffractometer with Cu K radiation ( = 1 5418 Å) at a scanning rate of 4 min −1 . The TEM images were recorded on a JEOL JEM-200CX transmission electron microscope, using an accelerating voltage of 120 kV. HRTEM images were taken by employing a JEOL-2010 high-resolution transmission electron microscope with a 200 kV accelerating voltage. SEM images were taken by a LEO-1530VP scanning electron microscope. PL spectra were measured on a SLM48000DSCF/AB2 fluorescence spectrometer made by American SLM Incorporation at room temperature. The UV-Vis absorption spectra were recorded on a Varian Cary Bio 50 UV-Vis spectrometer. 
RESULTS AND DISCUSSION
Structure Analysis
Effect of pH Value
The pH value of reaction system is an important factor for the control of morphology. In the reaction system with pH of 1.5, the morphology of the sample was amorphous nanoparticles as shown in Figure 3(a) . When the pH value was increased to 3, although the morphology was mainly amorphous nanoparticles, some quasi-cubes were observed (see the arrow directions in Fig. 3(b) ), which indicates that the morphology evolution from amorphous nanoparticles to microcubes occurs with the increasing pH. While the pH value is in the range of 5-9, the morphology of the sample consists of the microcubes and the amorphous nanoparticles disappeared (Fig. 3(c) ), which further confirms the morphology evolution from particles to cubes with the increasing pH. With further increase pH to 11, Pb(OH) 2 nanorods ( Fig. 3(d) ) was formed. XRD pattern (insert in Fig. 3(d) ) further confirm that the final sample is Pb(OH) 2 . It is due to the high concentration of OH − and the strong complexing ability between Pb 2+ and OH − . In this case, no product of PbCrO 4 could be obtained. Because of only the change of pH value in the reaction, we can deduce that the further increase of pH does not favor the formation of PbCrO 4 . As the result, pH range of 5-9 was selected as the optimal condition for the formation of cube morphology. The influence of pH value on the morphology may be explained as follows. Under pH range of 5-9, nitrilotriacetic acid exists as NTA 3− and the predominant species in solution remains a 1:1 complex of PbNTA − . With the decrease of pH, NTA 3− can partly combine H + in the solution. When pH value was lower than 5, NTA 3− existed as H x NTA x−3 and its complexing ability with metal ions decreased. According to the Ref. [50] , a higher monomer concentration favors 1D-growth and lower monomer concentration favors 3D-growth. In our experiments, at pH range of 5-9, the reaction system with the strongest coordination of Pb-NTA led to a relatively slow release speed of Pb 2+ and lower monomer concentration, which resulted in the formation of cube morphology. For the system of pH value of 3, nucleation occurred at an outburst speed right after the reaction solutions were mixed, leading to a large quantity of PbCrO 4 precipitation and extremely low monomer concentration in the solution, so amorphous particle was obtained under the situation. This morphology evolution is similar to the result observed in the synthesis of CdSe 51 and PbWO 4 . 
Effect of H 3 NTA Concentration
The amount of the complexing agent has also an influence on the morphology and size of the final product. When the experiment was carried out without H 3 NTA, and all of the other preparation conditions unchanged, the PbCrO 4 nanorods (Fig. 4(a) that the products are rod-like morphology with diameter of 100 nm and length of 500 nm. It was found that the final morphology of the product was determined by the existence of NTA while its crystal phase was not changed, which could be confirmed by the XRD patterns of the sample (Fig. 4(b) ). The SEM image further indicates that the morphology of the final product is nanorods. PbCrO 4 were also synthesized at various H 3 NTA concentrations for comparison. With the increase of the H 3 NTA/Pb ratio, the PbCrO 4 became large gradually. When the concentration of H 3 NTA was 20 mmol · L −1 , the size of as-prepared products was about 300 nm (Fig. 4(d) ). After the concentration of H 3 NTA was changed to 40 mmol · L −1 the size was increased to 750 nm (Fig. 4(e) ). If the concentration of H 3 NTA was further increased to 80 mmol · L −1 , the size of the product could be increased to 1 m as shown in Figure 4 (f). With the ratio of H 3 NTA/Pb increasing, the initiative concentration of free Pb 2+ in the solution decreased. As a result, the nucleation rate of PbCrO 4 became slow, which was favorable for the nuclei to grow into large size.
Possible Growth Mechanism
Time-dependent experiments were performed to gain an insight into the formation process of the PbCrO 4 microcube. The obtained PbCrO 4 microcube was characterized by TEM at various stages of the growth process. TEM images obtained at different reaction times show an obvious growth process from primary nanoparticles to the final microcube as shown in Figure 5 . In Figure 5 (a), it was obvious that the primary nanoparticles were observed in the initial reaction mixture. With the increase of reaction time, the nanoparticles aggregated in some specific orientations to form cube morphology as shown in Figure 5(b) . The texture of the cube at this stage is quite loose, and careful observation showed that the cube was composed of oriented-aggregated primary nanoparticles. Therefore, these nanoparticles could serve as seeds for the growth of microcube. After the reaction was performed for 20 min, the microcube was the main morphology as shown in Figure 5 (c). After the reaction was performed for 1 h, these microcubes reached a stable state (Fig. 5(d) ).
High-intensity ultrasonic irradiation also played an important role in the formation of PbCrO 4 microcube. When experiments were conducted in vigorous electric stirring, amorphous particles could be obtained in final products. We consider that the coordinating strength of the formed Pb-NTA complexes under different reaction conditions can affect the release speed of free Pb 2+ . Under the transient high-temperature and high-pressure field produced during ultrasound irradiation, the complex 
Therefore, we believe that the sonochemical formation of PbCrO 4 microcube underwent three steps in sequence: 54 (1) ultrasound-induced dissociation of Pb-NTA complex and formation of PbCrO 4 nuclei, which led to primary nanoparticles; (2) ultrasound-induced fusion of these primary nanoparticles accompanying oriented attachment to form the cube morphology; and (3) further growth and crystallization process give rise to the formation of single crystalline microcube.
A schematic illustration of formation of PbCrO 4 is shown in Figure 6 . 
The Luminescent Characterization
The optical properties of PbCrO 4 with various morphologies were also studied. The UV-visible absorption spectra of the PbCrO 4 amorphous nanoparticle, nanorods, and microcube morphologies were shown in Figure 7 . The spectra showed that the location and relative intensity of the peaks varied, which indicated different optical properties. The locations of these peaks seemed closely related to the morphology. In the three samples, the PbCrO 4 amorphous nanoparticles showed a broad absorption band at about 415 nm and 490 nm, whereas PbCrO 4 nanorods showed a red shifted and broader absorption band at about 430 nm and 505 nm. The difference in their peaks may result from the different structures and surface defects. The PbCrO 4 nanorods possess longer the aspect ratio and more defects due to the faster crystal growth, so they show red shift than nanoparticles. Although the mcirocube morphology does not show obvious absorption peaks in the whole UV-Visible region, it has absorption in this region. It can be attributed to larger size and wide size distribution as indicated in TEM image (Fig. 2(c) ).
55 Figure 8 shows the room-temperature photoluminescence spectra of the various morphologies using the same excitation line at 402 nm. All of the three structures exhibited similar emission peaks at 487 nm, 530 nm, and 548 nm, which are consistent with those reported previously. 39 absorption onset of the products indicates that this emission comes from the interband electron-hole recombination. The emission peak located at 487 nm might be ascribed to the [CrO 2− 4 ] complex anion of slightly distorted tetrahedral symmetry probably induced by the Jahn-Teller effect. 56 However, the luminescence intensities vary in three samples. This suggests that the morphologies of PbCrO 4 may affect their luminescence characteristics. The PL spectra reveal that the PbCrO 4 with smaller size gained stronger emission, and maybe the reason is that the larger surface area of PbCrO 4 with smaller size would emit stronger PL. 57 
CONCLUSION
PbCrO 4 with different morphologies were successfully synthesized via a convenient and fast sonochemical route.
Simply controlling the reaction conditions, such as the pH value and the amount of complexing reagent, microcube, nanorods, and nanoparticles morphologies could be obtained. The formation mechanism of PbCrO 4 microcube has been investigated, and the ultrasound-induced oriented attachment process clearly contribution to microcube. The luminescent properties of the PbCrO 4 with various morphologies have also been investigated. 
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